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Abstract
Methotrexate (MTX) is a widely used chemotherapeutic agent, immune suppressant and
antimalarial drug. It is a substrate of several human ABC proteins that confer multidrug
resistance to cancer cells and determine compartmentalization of a wide range of physiolog-
ical metabolites and endo or xenobiotics, by their primary active transport across biological
membranes. The substrate specificity and tissue distribution of these promiscuous human
ABC transporters show a high degree of redundancy, providing robustness to these key
physiological and pharmacological processes, such as the elimination of toxins, e.g. metho-
trexate from the body. A similar network of proteins capable of transporting methotrexate
has been recently suggested to exist in Drosophila melanogaster. One of the key players of
this putative network is Drosophila Multidrug-resistance Associated Protein (DMRP). DMRP
has been shown to be a highly active and promiscuous ABC transporter, capable of trans-
porting various organic anions. Here we provide the first direct evidence that DMRP,
expressed alone in a heterologous system lacking other, potentially functionally overlapping
D. melanogaster organic anion transporters, is indeed able to transport methotrexate. Our in
vitro results support the hypothesized but debated role of DMRP in in vivo methotrexate
excretion.
Introduction
Adenosine triphosphate (ATP) binding cassette (ABC) proteins are considered as one of the
most abundant protein families, existing in all phyla of life with 49 members in human and 56
in Drosophila melanogaster [1–3]. Most of the ABC proteins are membrane resident solute
transporters, the eukaryotic transporters being exclusively exporters [1]. Most of the eukary-
otic ABC transporters specifically export a limited number of closely related molecules, but
there are a few transporters with an extremely wide spectrum of structurally unrelated sub-
strates. Some of these promiscuous ABC transporters are involved in the multidrug resistance
phenotype of cancer cells and are the major obstacle of cancer chemotherapy [4]. Methotrexate
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(MTX) is a widely used chemotherapeutic agent. It is an antifolate that effectively inhibits dihy-
drofolate reductase [5] catalyzing the formation of 5,6,7,8-tetrahydrofolate, which is essential
for the biosynthesis of purines, thymidylate, and several amino acids. Thus, methotrexate inhib-
its the de novo synthesis of purine and pyrimidine bases and halts DNA, RNA and protein syn-
thesis. It is used as a chemotherapeutic agent in various cancers such as leukemia, lymphoma,
breast and lung cancer and osteosarcoma [4]. Due to its immune system suppressant effect,
methotrexate is used in autoimmune diseases, such as Crohn’s disease, psoriasis, ulcerative
colitis and multiple sclerosis. Methotrexate is first-line therapy for rheumatoid arthritis [6]. It
also has potential as an antimalarial drug [7]. Methotrexate is a substrate of the most important
human ABC proteins that can confer a multidrug resistant phenotype, i.e. ABCG2 [8, 9],
ABCB1 [10] and ABCC transporters [11–13], which often hamper chemotherapy, or affect dis-
ease treatment. On the other hand, the physiological role of these transporters in eliminating
toxic compounds from the body is of utmost importance. Multidrug ABC transporters often
have overlapping substrate specificity and redundant tissue distribution, that provides sufficient
chemoimmunity for the organism [14]. For instance, Abcc2, Abcc3, and Abcg2 together medi-
ate the rapid elimination of intravenously administered MTX in mice and can compensate for
each other’s [15]. Drug-drug interactions, co-treatment with inhibitors of ABC proteins and
specific mutations or polymorphisms in patients can influence the pharmacokinetics of metho-
trexate, resulting to increased toxicity or altered efficacy of treatment [16]. Investigation of such
complex interactions requires efficient model systems, such as D. melanogaster.
Drosophila Multidrug Resistance-associated Protein (DMRP) is the only orthologue of all
the “long” human C type ABC transporters (ABCC1, 2, 3, 6 and 10) in D. melanogaster. Long
ABCCs form a subset of ABCC transporters, characterized by a unique transmembrane
domain organization. In the topology of the long ABCC transporters the standard ABCC
transporter domain structure of two transmembrane domains (TMD) and two nucleotide
binding domains (NBD) in the form of TMD1-NBD1-TMD2-NBD2 is expanded by an addi-
tional N terminal TMD0 domain. DMRP shows high sequence similarity to the long ABCCs
[17]. Our previous work demonstrated its ability to transport established long ABCC sub-
strates such as estradiol-17-ß-D-glucuronide, leukotriene C4, 5-(and-6)-carboxy-2’,7’-dichlor-
ofluorescein, calcein and fluo3 [18, 19]. Transport of the above substrates is inhibited by
known ABCC inhibitors (probenecid, benzbromarone, indomethacin and MK571) [18].
DMRP recently has been reported to play a role in developmental resistance against mercury
[20], which is consistent with the DMRP orthologue ABCC2 being capable of transporting
HgCl3- in mice [21]. In addition, reduced expression of endogenous DMRP has been shown
to correlate with decreased secretion of the chemotherapeutic agent and ABCC1 substrate,
daunorubicin, in the main insect excretory organ, the Malpighian tubules [22]. These data sup-
port the putative functional similarity of DMRP and long ABCC transporters in vivo. Metho-
trexate severely decreases female fecundity in Drosophila melanogaster and leads to serious
developmental abnormalities in the offspring [23]. It also negatively influences the fitness of
Daphnia magna through the marked loss of global DNA methylation [24]. Methotrexate has
been shown to be excreted in the Malpighian tubules of D. melanogaster [25, 26]. Upregulation
of dMRP expression by either chronic dietary MTX exposition or pharmacological induction,
correlated with increased MTX secretion in the Malpighian tubules [25, 26]. Furthermore,
established ABCC and DMRP inhibitors decreased tubular MTX secretion [25]. These data
suggest a putative role of DMRP in the elimination of the toxic antifolate compound, MTX, via
secretion by the Malpighian tubules. In response to chronic methotrexate exposure, a complex
interaction of dMRP and two other organic anion transporters was revealed in D. melanoga-
ster. However, indirect evidence with limited factors controlled, hinted that dMRP might not
be a key determinant in the elimination of methotrexate [27].
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The recent publications prompted us to develop in vitro assay systems to answer the ques-
tion: Can DMRP, expressed alone in a heterologous system without the other potentially func-
tionally overlapping D. melanogaster organic anion transporters transport methotrexate?
Materials and methods
Materials
Restriction endonucleases and T4 ligase were obtained from Fermentas and New England
Biolabs, Pfu polymerase was provided by Stratagene. Oligonucleotides were ordered from
Metabion International AG and Biological Research Center of Szeged. [3H]methotrexate
([3H]MTX; 25.9 Ci/mmol) was obtained from Moravek Biochemicals. The anti-DMRP poly-
clonal antiserum pAB7655 was raised against a synthetic peptide corresponding to amino
acids 209–222 of DMRP (ZYMED Laboratories Inc.) as described previously [17]. Secondary
HRP-conjugated anti-rabbit antibodies were purchased from Jackson ImmunoResearch.
Nitrocellulose membrane filters (HWAP00250) were obtained from Millipore and the scin-
tillation fluid (Opti-fluor) from PerkinElmer. All other compounds were obtained from
Sigma Aldrich. Methotrexate (MTX) was dissolved in DMSO, the final concentration of
DMSO in the assay buffer was kept less than 0.1% in transport and less than 1% in ATPase
experiments.
Methods
Generation of loss of function DMRP mutant. Residues in the highly conservative lysine
of Walker A motifs of the NBDs of ABC transporters play a crucial role in the binding and
hydrolysis of ATP [28] and in the activity of the transporters [29–32]. Therefore, we used the
N- and C- terminal Walker A mutant DMRP (K687M/K1349M) as a loss of function (nega-
tive) control. We have previously cloned the 8a 4b isoform of dMRP cDNA (SD07655) into
pAcUW21L [17]. The double Walker A catalytic center mutant DMRP was generated by
Quickchange site-directed mutagenesis [19].
Expression of wild type and loss of function DMRP in Sf9 cells. Recombinant baculo-
virus particles containing wild type (SD07655) or K687M/K1349M mutant dMRP cDNA were
prepared as described previously [17, 19]. Cultured Spodoptera frugiperda insect ovarium cells
(Sf9) were infected with the recombinant baculovirus particles and harvested 3-days post virus
infection.
Preparation of inside-out vesicles (IOV). The Sf9 cell membranes overexpressing the
proteins of interests were isolated as described previously [33]. The modified Lowry method
[34] was used to determine total membrane protein concentrations. Gel electrophoresis and
immunoblotting were performed to determine DMRP expression in the IOV preparations
using the anti-DMRP polyclonal antiserum pAB7655 as described previously [17, 19] and IOV
preparations containing comparable amounts of DMRP were used for the functional assays
[19].
ATPase activity measurements. The vanadate-sensitive ATPase activity was determined
by the liberation of inorganic phosphate as described previously [17, 33]. Briefly, IOV contain-
ing total membrane protein of 30μg or 50μg of wild type or K687M/K1349M DMRP, respec-
tively, were incubated at 37˚C in 150μl buffer (40 mM MOPS-Tris, pH 7.0, 0.5 mM
EGTA-TRIS, 2 mM dithiothreitol, 50 mM KCl, 5 mM sodium azide, and 1 mM ouabain) in
the absence or presence of MK571 or benzbromarone (BB) as indicated. The ATPase reaction
was started with Mg2+ATP in indicated concentrations. The assay was stopped by 0.1 ml of 5%
SDS after 5 minutes unless indicated otherwise. Liberation of inorganic phosphate was deter-
mined in a colorimetric reaction after 15 minutes. ATPase activity was calculated as the
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difference in Pi levels after the indicated incubation time vs. after stopping the reaction with
SDS immediately. Vanadate-sensitive ATPase activity (later referred to as ATPase activity) was
determined as the difference between values measured in the presence and the absence of 1.33
mM ortho-vanadate. The figures depict mean values of at least three independent experiments
done at least in duplicates. Experimental values were fitted by Michaelis-Menten equation in
Prism v6.0e (Graphpad) where it was applicable. Statistical analysis was performed using
Prism v6.0e (Graphpad). The standard error of the estimate of mean value (S.E.M.) was
depicted.
Vesicular transport measurements. Vesicular transport measurements with radio-
labeled methotrexate in IO vesicles were performed using rapid filtration [17]. Briefly, isolated
IO Sf9 membrane vesicles of 50μg total membrane protein, were incubated in the absence or
presence of 4mM Mg2+ATP, unless indicated otherwise. Assay was done at 37˚C in 150 μl
transport buffer (6 mM MgCl2, 40 mM MOPS-Tris, pH 7.0, 40 mM KCl) in the presence or
absence of MK571 and benzbromarone (BB) as indicated. Transport assay was stopped by
800 μl of ice-cold washing buffer (40 mM MOPS-TRIS, pH 7.0, 70 mM KCl), after 0.5 minutes,
samples were immediately filtered through 0.45 μm pore size nitrocellulose membrane filters
(Millipore). Filter-bound radioactivity was measured in scintillation fluid (Opti-fluor, Perki-
nElmer) using Wallac 1409 DSA scintillation counter after being washed twice with 5 ml cold
washing buffer at the end of the assay. ATP-dependent transport was calculated by subtracting
activity values obtained in the absence from those in the presence of Mg2+ATP. The Michaelis-
Menten kinetic parameters of transport were calculated using Prism v6.0e (Graphpad). Data
points in the figures depict mean values of at least three independent experiments done in at
least duplicates. Statistical analysis was performed using Prism v6.0e (Graphpad). The standard
error of the estimate of mean value (S.E.M.) is shown.
Results
Methotrexate stimulates the basal ATPase activity of DMRP
The solute transport of ABC transporters is fuelled by hydrolysis of ATP. Most ABC transport-
ers perform intrinsic basal ATPase activity in the absence of their substrates in Sf9 cells. In gen-
eral, the ATPase activity of ABC transporters is further enhanced by the addition of their
substrates. Therefore, stimulation of ATPase activity by a compound is indicative of the mole-
cule being a substrate. To test the capability of DMRP to transport methotrexate (MTX), we
first investigated its effect on the DMRP mediated hydrolysis of ATP.
First, we investigated the time course of the ATPase activity in the absence and in the pres-
ence of 1mM MTX in inside-out vesicles prepared from Sf9 cells overexpressing wild type
DMRP (Fig 1A). We detected a significant stimulation of the ATPase activity by methotrexate.
We found that up to 5 minutes the ATPase activity showed a quasi linear correlation with time
both in case of basal and methotrexate-stimulated ATPase activity. Therefore, in the following
experiments we used 5-minute incubation time to measure the initial rate of ATP hydrolysis
in the presence and absence of MTX.
Second, we investigated the DMRP dependent ATP hydrolysis on Mg2+ATP concentration
in the absence or the presence of 1mM MTX (Fig 1B). In case of the double catalytic center
mutant K687M/K1349M DMRP we did not detect notable ATP hydrolysis neither in the
absence nor in the presence of MTX. However, we detected a high basal ATPase activity, and a
significant methotrexate dependent stimulation of ATP hydrolysis for wild type DMRP. Both
basal and methotrexate stimulated ATPase activities showed saturation kinetics with the
parameters of 83.3+/- 3.1 and 186.3+/- 9.8 pmol Pi/mg membrane protein/min for the initial
rate of ATP hydrolysis and 1.38+/-0.14 and 1.50+/-0.17 mM ATP for KM for ATP, respectively.
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Fig 1. Vanadate-sensitive ATPase activity of DMRPs in Sf9 inside-out vesicles. A: Time course of ATPase activity measured in the presence of 3.3
mM Mg2+ATP at 37 ˚C using 30 μg total Sf9 membrane protein overexpressing wild type DMRP in the absence or presence of 1 mM MTX. B:
ATPase activity as a function of Mg2+ ATP concentration measured at 37 ˚C for 5 minutes using 30 and 100 μg Sf9 IOV preparations overexpressing
wild-type or K687M/K1349M DMRP, respectively in the absence or presence of 1 mM MTX. C: ATPase activity as a function of MTX concentration
measured at 37 ˚C for 5 minutes in the presence of 3.3 mM Mg2+ ATP using 30 and 100 μg Sf9 IOV preparations overexpressing wild type or
K687M/K1349M DMRP, respectively. D: ATPase activity of the wild type DMRP in the absence or the presence of organic anion inhibitors, MK571
Methotrexate transport by Drosophila Multidrug Resistance-associated Protein
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Next, we investigated ATPase activity of DMRP as a function of methotrexate concentration
(Fig 1C). The rate of ATP hydrolysis showed a quasi linear correlation with MTX concentra-
tion in the entire concentration range. Due to the limited solubility of the compound we were
not able to investigate ATP hydrolysis at MTX concentrations higher than 2mM. Therefore,
we could not determine the kinetic constants for MTX in ATPase activity. But our data sug-
gested a low affinity interaction of methotrexate with DMRP that stimulated ATP hydrolysis at
high extent on a concentration dependent manner. Next, we investigated the ability of the
established ABCC protein inhibitors benzbromarone (BB) and MK571 on the ATP hydrolysis
of wild type DMRP in the presence or absence of 1 mM MTX (Fig 1D). We found that both
benzbromarone and MK571 inhibited the basal and the methotrexate-stimulated ATPase
activities of DMRP in a concentration dependent manner at concentrations generally applied
to inhibit ABC transporter function in in vitro assays.
Methotrexate is transported by DMRP
The chemotherapeutic agent and immunosuppressant drug methotrexate stimulated the
ATPase activity of DMRP significantly (Fig 1) indicating an interaction of MTX and DMRP.
To test directly whether methotrexate is a DMRP substrate we investigated the transport of
radioactively labeled MTX in inside-out Sf9 membrane vesicles overexpressing wild-type and
catalytic center mutant DMRPs.
First, we investigated the time course of methotrexate transport in the presence of 100 μM
MTX in inside-out vesicles prepared from Sf9 cells overexpressing wild type DMRP (Fig 2A).
We found a significant ATP-dependent MTX uptake to the IO vesicles. Tracer uptake was
quasi linear up to 0,5 minutes, therefore, in the following experiments we used half-a-minute
incubation time to measure the initial rate of MTX transport. Next, we investigated the uptake
of the labeled MTX as a function of Mg2+ATP concentration at 100 μM MTX concentration
(Fig 2B). In case of the double catalytic center mutant K687M/K1349M DMRP we did not
detect notable MTX uptake. However, we detected a significant Mg2+ATP dependent metho-
trexate uptake with wild type DMRP. MTX accumulation showed a saturable function with
the KM for ATP at 809+/-119 μM ATP and Vmax at 586+/-30 pmol MTX/mg membrane pro-
tein/min. The Michaelis-Menten constant for ATP for the MTX transport corresponded rela-
tively well to that of the ATP hydrolysis. Next, we investigated the uptake of the radioactively
labeled MTX as a function of MTX concentration (Fig 2C). We found no notable methotrexate
transport for the K687M/K1349M mutant DMRP. In contrast, wild type DMRP showed high
transport activity with saturable function of MTX concentration. By fitting the Michaelis-
Menten equation we obtained the kinetic parameters of the apparent KM as 660+/-94 μM
MTX and Vmax as 3593+/-264 pmol MTX/mg membrane protein/min.
Next, we investigated the effect of known ABCC transporter inhibitors and established
DMRP inhibitors, benzbromarone (BB) and MK571 [18], on the methotrexate transport activ-
ity of wild type DMRP (Fig 2D). At 300 μM MTX concentration 10 μM benzbromarone and
100 μM MK571 inhibited the DMRP mediated MTX transport to 44+/-12% and 0.5+/-1.7%
residual transport activity, respectively, compared to that of the control (Fig 2B).
and benzbromarone (BB), measured at 37 ˚C at 3.3 mM Mg2+ ATP concentration using 30 μg Sf9 IOV preparations overexpressing wild type DMRP
in the absence (white bars) or in the presence (black bars) of 1 mM MTX. Figures depict mean values of at least three independent experiments done
in at least duplicates. Of note, the standard error of the estimate of mean value (S.E.M.) is depicted for all of the data points in Fig 1, however error
bars are often not visible due to the low scattering of the data. We used unpaired two tailed t-test for statistical analysis of data in 1D. Significance is
indicated as �p�0.05, ��p�0.01, ���p�0.001 and ����p�0.0001 between control and MK571 or BB inhibited samples in the absence or in the
presence of 1mM MTX.
https://doi.org/10.1371/journal.pone.0205657.g001
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Fig 2. Methotrexate transport activity of DMRPs in Sf9 inside-out vesicles. A: Time course of MTX transport measured in the presence of 4mM
Mg2+ATP at 37 ˚C using 50 μg total Sf9 membrane protein overexpressing wild type DMRP at 100μM MTX concentration. B: MTX transport activity as a
function of Mg2+ ATP concentration measured at 37 ˚C for 0.5 minutes using 50 and 100 μg Sf9 IOV preparations overexpressing wild type or K687M/
K1349M DMRP, respectively, at 100μM MTX concentration. C: MTX transport activity as a function of MTX concentration measured at 37 ˚C for 0.5
minutes in the presence of 4mM Mg2+ ATP concentration using 50 and 100 μg Sf9 IOV preparations overexpressing wild type or K687M/K1349M DMRP,
respectively. D: MTX transport activity of the wild type DMRP in the absence or in the presence of organic anion inhibitors, MK571 and benzbromarone
(BB), measured at 37˚C at 4mM Mg2+ ATP concentration using 50 μg Sf9 IOV preparations overexpressing wild-type at 300μM methotrexate. The figures
depict mean values of at least three independent experiments done in at least duplicates. Of note, the standard error of the estimate of mean value (S.E.M.) is
depicted for all of the data points in Fig 2, however error bars are often not visible due to the low scattering of the data. We used unpaired two tailed t-test
for statistical analysis of data in 2D. Significance is indicated as �p�0.05, ��p�0.01, ���p�0.001 and ����p�0.0001 between control and MK571 or BB
inhibited samples.
https://doi.org/10.1371/journal.pone.0205657.g002
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Discussion
In vivo interactions of methotrexate with ABC transporters of D. melanogaster have already
been reported. Tubular secretion of methotrexate was elevated upon chronic exposition to die-
tary methotrexate, which also resulted in the induction of the expression of additional organic
anion transporters. The expression of dMRP was upregulated up to two thousand fold, in the
Malpighian tubules and in the gut of fruit flies [25, 27]. Similarly, dietary exposure to piperonyl
butoxide, a P450/monooxygenase inhibitor, altered the expression of several genes important
in detoxification and organic anion transport, including a 250 fold upregulation of dMRP
expression which was coincidental with significantly elevated MTX secretion by the Malphigh-
ian tubules [26]. Furthermore, inhibition of the transepithelial transport of MTX by DMRP
inhibitors [18], MK571 and probenecid, also supported the putative role of DMRP in the efflux
of methotrexate [25]. However, work on the MTX clearance in the Malpighian tubules
reported complex interactions of three organic anion transporters i.e.: DMRP (CG6214) multi-
drug efflux transporter (MET, CG30344), and an organic anion transporting polypeptide 58Dc
(OATP58Dc, CG3380), revealing that knockdown of either of these three genes alters the
expression of at least one of the other two [27]. This work also presented a controversial indi-
rect evidence hinting that dMRP might not be crucial in tubular secretion of methotrexate,
based on a significant decline in methotrexate secretion in the MET and OATP RNAi lines
accompanied by partially maintained dMRP mRNA levels. Yet, while changes in dMRP
mRNA levels did not reach statistical significance in the OATP RNAi lines, it should be noted
that the detected reduction was approximately 50%. Furthermore, the expression and localiza-
tion of MET, OATP and DMRP at the protein level has not yet been investigated even though
such a study would be indispensable to fully elucidate the in vivo role of these transporters in
methotrexate secretion in D. melanogaster.
Here we present direct evidence that DMRP expressed in a heterologous expression system
is capable of methotrexate transport at high capacity and thus provide evidence for methotrex-
ate transport by one of the previously suggested candidate organic anion transporters. Our in
vitro results and the recent compelling in vivo data strongly support the role of DMRP in the
elimination of methotrexate in D. melanogaster.
Beyond it’s physiological and pathological relevance our work has biochemical significance
as well. MRPs exhibit intrinsic ATPase activity in the absence of substrates, termed as “basal
ATPase activity”. In this mechanism ATP hydrolysis is uncoupled from transport, as the sub-
strate is missing, and ATP is hydrolyzed in a futile cycle. Interaction of the transporter with its
substrate couples ATP hydrolysis to the transport of the substrate. In the majority of cases cou-
pled ATP hydrolysis is higher than that of the basal ATPase activity, a phenomenon known as
substrate stimulated ATPase activity. However, in some cases, substrates do not alter the rate
of ATP hydrolysis, and seldomly they can even be inhibitory. The exact mechanism of uncou-
pled and coupled reactions is unknown. Coupled ATPase activity might be dependent on vari-
ous factors, such as binding constants of the substrates to the low and high affinity substrate
binding sites of the transporter or substrate-dependent differences in the cross talk between
transmembrane domains and nucleotide binding domains exhibiting ATPase activity [19].
DMRP exhibits an extremely high basal ATPase activity. It is yet unclear if this elevated activity
is the consequence of the presence of an endogenous substrate being transported in the Sf9
membrane representing a coupled mechanism or is it due to an uncoupled intrinsically high
basal ATPase activity rate, characteristic of DMRP. Moreover, previous work found that the
extremely high basal ATPase activity of wild type DMRP was found to be inhibited by its sub-
strates [18, 19]. This phenomenon was explained by a hypothetical endogenous modulator
(endogenous substrate or allosteric activator) in the Sf9 membranes [18]. According to this
Methotrexate transport by Drosophila Multidrug Resistance-associated Protein
PLOS ONE | https://doi.org/10.1371/journal.pone.0205657 October 12, 2018 8 / 11
hypothesis an externally added substrate successfully competes with the putative endogenous
substrate, but the rate of ATP hydrolysis coupled to the transport of the exogenous substrate is
lower than that of the endogenous one, causing an apparent inhibition of ATP hydrolysis.
Though the stimulatory effect of a few inorganic anions on the ATPase activity of DMRP has
been already reported, the capability of DMRP to transport these drugs remained a question
[18]. Our recent work showed evidence for the stimulatory effect of a substrate, estradiol-17-ß-
D-glucuronide, on the ATPase activity of DMRP, but this effect was only present at extremely
low ATP saturation, far below the physiological ATP concentration [19]. Unlike previously
reported DMRP substrates, methotrexate significantly stimulated the basal ATPase activity of
DMRP at physiologically relevant ATP concentrations. Thus, we presented here the first evi-
dence that the extremely high basal ATPase activity of DMRP can be further stimulated by at
least one of its transported substrates. Of note, the stimulatory nature of methotrexate on the
basal ATPase activity of DMRP is compatible with the previously published endogenous modi-
fier hypothesis, presumably showing a dominant effect of methotrexate over the putative
endogenous modifier due to its higher potency to stimulate ATP hydrolysis. Taken all the
known substrates in consideration DMRP is a prototypic transporter illustrating substrate
dependent coupling mechanisms of both stimulatory and inhibitory nature.
In summary, our work demonstrates that DMRP, expressed alone in a heterologous system
lacking the other potentially functionally overlapping D. melanogaster organic anion trans-
porters, is able to transport methotrexate.
Moreover, we show that methotrexate can stimulate the intrinsically high basal ATPase
activity of DMRP. Our in vitro results on the ability of DMRP to transport methotrexate are in
line with in vivo experiments supporting that DMRP plays a key a role in the defense against
methotrexate in Drosophila melanogaster.
Acknowledgments
We would like to thank to Steven Robinow for sharing the plasmid with the wild type DMRP
sequence and for the primary antibody against DMRP. The assistance of Gyo¨rgyi Demeter is
also greatly acknowledged. We also thank Tamas Aranyi and Orsolya Symmons for the critical
reading of our manuscript.
Author Contributions
Conceptualization: Flo´ra Szeri.
Investigation: Agnes Karasik, Flo´ra Szeri.
Validation: Agnes Karasik.
Writing – original draft: Agnes Karasik, Flo´ra Szeri.
Writing – review & editing: Agnes Karasik, Andra´s Va´radi, Flo´ra Szeri.
References
1. Dean M, Rzhetsky A, Allikmets R. The human ATP-binding cassette (ABC) transporter superfamily.
Genome Res. 2001; 11(7):1156–66. https://doi.org/10.1101/gr.184901 PMID: 11435397
2. Dermauw W, Van Leeuwen T. The ABC gene family in arthropods: comparative genomics and role in
insecticide transport and resistance. Insect Biochem Mol Biol. 2014; 45:89–110. https://doi.org/10.
1016/j.ibmb.2013.11.001 PMID: 24291285
3. Vasiliou V, Vasiliou K, Nebert DW. Human ATP-binding cassette (ABC) transporter family. Hum Geno-
mics. 32009. p. 281–90.
Methotrexate transport by Drosophila Multidrug Resistance-associated Protein
PLOS ONE | https://doi.org/10.1371/journal.pone.0205657 October 12, 2018 9 / 11
4. Xia CQ, Smith PG. Drug Efflux Transporters and Multidrug Resistance in Acute Leukemia: Therapeutic
Impact and Novel Approaches to Mediation. 2012.
5. Rajagopalan PTR, Zhang Z, McCourt L, Dwyer M, Benkovic SJ, Hammes GG. Interaction of dihydrofo-
late reductase with methotrexate: Ensemble and single-molecule kinetics. Proc Natl Acad Sci U S A.
992002. p. 13481–6.
6. Burmester GR, Pope JE. Novel treatment strategies in rheumatoid arthritis. Lancet. 2017; 389
(10086):2338–48. https://doi.org/10.1016/S0140-6736(17)31491-5 PMID: 28612748
7. Chilengi R, Juma R, Abdallah AM, Bashraheil M, Lodenyo H, Nyakundi P, et al. A phase I trial to evalu-
ate the safety and pharmacokinetics of low-dose methotrexate as an anti-malarial drug in Kenyan adult
healthy volunteers. Malar J. 2011; 10:63. https://doi.org/10.1186/1475-2875-10-63 PMID: 21410944
8. Volk EL, Schneider E. Wild-type breast cancer resistance protein (BCRP/ABCG2) is a methotrexate
polyglutamate transporter. Cancer Res. 2003; 63(17):5538–43. PMID: 14500392
9. Chen ZS, Robey RW, Belinsky MG, Shchaveleva I, Ren XQ, Sugimoto Y, et al. Transport of methotrex-
ate, methotrexate polyglutamates, and 17beta-estradiol 17-(beta-D-glucuronide) by ABCG2: effects of
acquired mutations at R482 on methotrexate transport. Cancer Res. 2003; 63(14):4048–54. PMID:
12874005
10. Norris MD, De Graaf D, Haber M, Kavallaris M, Madafiglio J, Gilbert J, et al. Involvement of MDR1 P-gly-
coprotein in multifactorial resistance to methotrexate. Int J Cancer. 1996; 65(5):613–9. https://doi.org/
10.1002/(SICI)1097-0215(19960301)65:5<613::AID-IJC10>3.0.CO;2-8 PMID: 8598312
11. Hooijberg JH, Broxterman HJ, Kool M, Assaraf YG, Peters GJ, Noordhuis P, et al. Antifolate resistance
mediated by the multidrug resistance proteins MRP1 and MRP2. Cancer Res. 1999; 59(11):2532–5.
PMID: 10363967
12. Zeng H, Chen ZS, Belinsky MG, Rea PA, Kruh GD. Transport of methotrexate (MTX) and folates by
multidrug resistance protein (MRP) 3 and MRP1: effect of polyglutamylation on MTX transport. Cancer
Res. 2001; 61(19):7225–32. PMID: 11585759
13. Chen ZS, Lee K, Walther S, Raftogianis RB, Kuwano M, Zeng H, et al. Analysis of methotrexate and
folate transport by multidrug resistance protein 4 (ABCC4): MRP4 is a component of the methotrexate
efflux system. Cancer Res. 2002; 62(11):3144–50. PMID: 12036927
14. Sarkadi B, Homolya L, Szakacs G, Varadi A. Human multidrug resistance ABCB and ABCG transport-
ers: participation in a chemoimmunity defense system. Physiol Rev. 2006; 86(4):1179–236. https://doi.
org/10.1152/physrev.00037.2005 PMID: 17015488
15. Bakos E, Evers R, Sinko E, Varadi A, Borst P, Sarkadi B. Interactions of the human multidrug resistance
proteins MRP1 and MRP2 with organic anions. Mol Pharmacol. 2000; 57(4):760–8. PMID: 10727523
16. Ivanyuk A, Livio F, Biollaz J, Buclin T. Renal Drug Transporters and Drug Interactions. Clin Pharmacoki-
net. 2017; 56(8):825–92. https://doi.org/10.1007/s40262-017-0506-8 PMID: 28210973
17. Tarnay JN, Szeri F, Ilias A, Annilo T, Sung C, Le Saux O, et al. The dMRP/CG6214 gene of Drosophila
is evolutionarily and functionally related to the human multidrug resistance-associated protein family.
Insect Mol Biol. 2004; 13(5):539–48. https://doi.org/10.1111/j.0962-1075.2004.00512.x PMID:
15373810
18. Szeri F, Ilias A, Pomozi V, Robinow S, Bakos E, Varadi A. The high turnover Drosophila multidrug resis-
tance-associated protein shares the biochemical features of its human orthologues. Biochim Biophys
Acta. 2009; 1788(2):402–9. https://doi.org/10.1016/j.bbamem.2008.11.007 PMID: 19059376
19. Karasik A, Ledwitch KV, Aranyi T, Varadi A, Roberts A, Szeri F. Boosted coupling of ATP hydrolysis to
substrate transport upon cooperative estradiol-17-beta-D-glucuronide binding in a Drosophila ATP
binding cassette type-C transporter. Faseb j. 2017.
20. Prince L, Korbas M, Davidson P, Broberg K, Rand MD. Target Organ Specific Activity of Drosophila
MRP (ABCC1) Moderates Developmental Toxicity of Methylmercury. Toxicol Sci. 2014; 140(2):425–35.
https://doi.org/10.1093/toxsci/kfu095 PMID: 24863968
21. Bridges CC, Joshee L, van den Heuvel JJ, Russel FG, Zalups RK. Glutathione status and the renal
elimination of inorganic mercury in the Mrp2(-/-) mouse. PLoS One. 2013; 8(9):e73559. https://doi.org/
10.1371/journal.pone.0073559 PMID: 24039982
22. Chahine S, Seabrooke S, O’Donnell MJ. Effects of genetic knock-down of organic anion transporter
genes on secretion of fluorescent organic ions by Malpighian tubules of Drosophila melanogaster. Arch
Insect Biochem Physiol. 2012; 81(4):228–40. https://doi.org/10.1002/arch.21066 PMID: 22972675
23. Affleck JG, Neumann K, Wong L, Walker VK. The effects of methotrexate on Drosophila development,
female fecundity, and gene expression. Toxicol Sci. 2006; 89(2):495–503. https://doi.org/10.1093/
toxsci/kfj036 PMID: 16280378
24. Kusari F, O’Doherty AM, Hodges NJ, Wojewodzic MW. Bi-directional effects of vitamin B. Sci Rep.
2017; 7(1):11872. https://doi.org/10.1038/s41598-017-12148-2 PMID: 28928387
Methotrexate transport by Drosophila Multidrug Resistance-associated Protein
PLOS ONE | https://doi.org/10.1371/journal.pone.0205657 October 12, 2018 10 / 11
25. Chahine S, O’Donnell MJ. Physiological and molecular characterization of methotrexate transport by
Malpighian tubules of adult Drosophila melanogaster. J Insect Physiol. 2009; 55(10):927–35. https://
doi.org/10.1016/j.jinsphys.2009.06.005 PMID: 19545574
26. Chahine S, O’Donnell MJ. Interactions between detoxification mechanisms and excretion in Malpighian
tubules of Drosophila melanogaster. J Exp Biol. 2011; 214(Pt 3):462–8. https://doi.org/10.1242/jeb.
048884 PMID: 21228205
27. Chahine S, Campos A, O’Donnell MJ. Genetic knockdown of a single organic anion transporter alters
the expression of functionally related genes in Malpighian tubules of Drosophila melanogaster. J Exp
Biol. 2012; 215(Pt 15):2601–10. https://doi.org/10.1242/jeb.071100 PMID: 22786636
28. Walker JE, Saraste M, Runswick MJ, Gay NJ. Distantly related sequences in the alpha- and beta-sub-
units of ATP synthase, myosin, kinases and other ATP-requiring enzymes and a common nucleotide
binding fold. Embo j. 1982; 1(8):945–51. PMID: 6329717
29. Muller M, Bakos E, Welker E, Varadi A, Germann UA, Gottesman MM, et al. Altered drug-stimulated
ATPase activity in mutants of the human multidrug resistance protein. J Biol Chem. 1996; 271(4):1877–
83. PMID: 8567633
30. Gao M, Cui HR, Loe DW, Grant CE, Almquist KC, Cole SP, et al. Comparison of the functional charac-
teristics of the nucleotide binding domains of multidrug resistance protein 1. J Biol Chem. 2000; 275
(17):13098–108. PMID: 10777615
31. Szabo K, Welker E, Bakos, Muller M, Roninson I, Varadi A, et al. Drug-stimulated nucleotide trapping in
the human multidrug transporter MDR1. Cooperation of the nucleotide binding domains. J Biol Chem.
1998; 273(17):10132–8. PMID: 9553060
32. Ozvegy C, Varadi A, Sarkadi B. Characterization of drug transport, ATP hydrolysis, and nucleotide trap-
ping by the human ABCG2 multidrug transporter. Modulation of substrate specificity by a point mutation.
J Biol Chem. 2002; 277(50):47980–90. https://doi.org/10.1074/jbc.M207857200 PMID: 12374800
33. Sarkadi B, Price EM, Boucher RC, Germann UA, Scarborough GA. Expression of the human multidrug
resistance cDNA in insect cells generates a high activity drug-stimulated membrane ATPase. J Biol
Chem. 1992; 267(7):4854–8. PMID: 1347044
34. Bensadoun A, Weinstein D. Assay of proteins in the presence of interfering materials. Anal Biochem.
1976; 70(1):241–50. PMID: 1259145
Methotrexate transport by Drosophila Multidrug Resistance-associated Protein
PLOS ONE | https://doi.org/10.1371/journal.pone.0205657 October 12, 2018 11 / 11
